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INTRODUCTION 
 

Dendritic cells (DC) are considered attractive candidates for cancer immunotherapy due to their ability to 

process and present antigens and stimulate the immune system. However DC have not been as 

effective in treating established disease in animal models. This provides the rationale for combining DC 

vaccines with a chemotherapeutic drug, which may act as an adjuvant for DC vaccines. Most of the 

commonly used chemotherapeutic drugs cause tumor cell death but at the same time are toxic to normal 

cells, which might compromise the ability of the DC to stimulate an effective immune response. Vitamin 

E succinate or α-TOS is a non-toxic, esterified analogue of Vitamin E that has been shown to be 

selectively toxic to tumor cell lines in vitro as well as inhibit the growth of tumors in animal models in 

vivo. The goal of this study is to enhance the effectiveness of DC vaccines by using it in combination 

with a non-toxic chemotherapeutic agent, α-TOS. In our studies we have used both α-TOS, and a more 

soluble hydrophilic form of the drug, vesiculated α-TOS (Vα-TOS). The hypothesis to be tested is that α-

TOS and Vα-TOS will act as an adjuvant for DC vaccines and effectively inhibit the growth of pre-

established 4T1 tumors. The specific aims are to 1) study the effect of α-TOS and Vα-TOS in inducing 

apoptosis in tumor cells in vitro and in vivo, 2) determine the efficacy of Vα-TOS and DC combination 

therapy in treating a) pre-established murine mammary tumors and b) lung metastasis after resection of 

primary tumor in a residual disease setting, 3) identify the mechanism involved in mediating the anti-

tumor response by the combination therapy.  



  
 
 

 

 
 
 
 
 
 
 
 
 

BODY 
 

1. α-TOS induces killing of 4T1 tumor cells.  
In order to demonstrate the susceptibility of 4T1 tumor cells to α-TOS, cells were treated with 
40μg/ml α-TOS for 24 hours and clonogenicity and apoptosis assays were performed. 
a) For the clonogenicity assay, viable cells obtained after treatment with α-TOS were plated and 

evaluated for their ability to proliferate and form colonies. The data (Figure 1a) show that, 
although 50% of the cells were viable after α-TOS treatment only 15% of them had the ability to 
form colonies as compared with 90% of the ethanol treated (control) cells. This shows that in 
addition to directly killing tumor cells, α-TOS also suppresses the proliferative potential of 
surviving cells. 
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b) For the apoptosis assay, 4T1 cells were treated with α-TOS, stained with Annexin V/ Propidium 
iodide (PI) using the Annexin-V-FLUOS staining kit (Roche Applied Sciences) and analyzed by flow 
cytometry. Annexin binds  the phosphatidyl-serine moiety externalized in cells undergoing apoptosis 
and PI stains dead cells. The data (Figure 1b) show that α-TOS induces apoptosis as a function of 
time. At 4 hours, 69% of the cells were apoptotic (annexin V positive), which increased to 83% after 
treatment with α-TOS for 24 hours. In contrast control cells treated with sodium succinate (NaS) did 
not undergo significant apoptosis.  

Figure 1a. Effect of α-TOS on 
clonogenic ability of tumor cells. 
4T1 tumor cells were plated at 105 

cells per well overnight. After 24h 
the non-adherent and adherent 
cells were collected and viability 
assessed using AO/PI. Viable cells 
were plated out at different 
dilutions and left undisturbed for 10 
days. The clones obtained were 
fixed with methanol, stained with 
Giemsa and counted. The graph 
represents the total number of 
viable cells compared to the 
number of clones obtained from 
those cells.



  
 
 

 
 

 
2. α-TOS is non-toxic to immune cells in vivo. 
Since α-TOS kills tumor cells in vitro, it was important to determine whether it also impaired the 
functions of immune cells that are required for eliciting an immune response. For the purpose, we 
injected naïve mice three times with 4mg α-TOS every 4 days. T cells and dendritic cells were 
isolated from the spleens of the mice 48 hours after the last injection and evaluated for their 
functional activities. The data (Figure 2) show that α-TOS does not impair the ability of DCs to 
secrete IL-12 which is a cytokine secreted by mature activated DCs. α-TOS also does not inhibit the 
proliferation of T cells. 
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Figure 1b. Apoptosis 
assay. 4T1cells were 
plated at 105 cells per 
well in 6-well tissue 
culture plates 
overnight. The cells 
were treated with 
40μg/ml α-TOS after 
24h. At each time point 
(4h, 8h, 24h), adherent 
and non-adherent cells 
were collected and 
stained for detection of 
apoptosis using 
Annexin V-PI. The 
numbers in the dot 
plots represent the 
percentage of early 
apoptotic cells (lower 
right quadrant) and 
secondary necrotic 
cells (upper right 
quadrant) respectively 
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Figure 2. Effect of α-TOS on immune cells in vivo. Mice were injected three times with 4mg α-TOS every 4 days. 
Forty-eight hours after the last injection, splenocytes were isolated from the mice and DCs and T cells were purified 
using immunomagnetic beads. A. 5x105 DCs were set up in triplicate 48-well plates with or without 20ng/ml TNF-a for 
24 hours. Supernatants were then collected and assayed for the production of IL-12p70. B. 5x105 purified T cells were 
set up in triplicate in 96-well plates with or without 2mg/ml ConA for 5 days. 1 µCi of [3H]-thymidine was added to each 
well for the last 18 hours of incubation. Proliferation of T cells was determined by measuring thymidine uptake 



  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. α-TOS potentiates the anti-tumor activity of DC vaccines on pre-established mammary 
(4T1) tumors. 
We next wanted to evaluate the ability of α-TOS to synergize with DC vaccines in controlling the growth 
of pre-established 4T1 tumors. For the purpose, mice with palpable 4T1 tumors were injected three 
times with 4mg of α-TOS every four days (day 14, 18 and 22). The mice were also injected with 106 
immature DCs on days 16, 20 and 24.Tumor volume was monitored by measuring the tumor using 
calipers. The data (Figure 3) show that tumor growth was significantly inhibited by a combination of 
intraperitoneal injection of α-TOS plus subcutaneous injection of DC as compared to α-TOS alone or 
DC alone. Thus α-TOS alone does not affect tumor growth in an in vivo setting but has the ability to 
synergize with dendritic cells to create an effective anti-tumor response. 
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4. Combination therapy with α-TOS + DC induces increased production of IFN-γ by splenic 
lymphocytes. 
Since α-TOS in combination with DCs inhibited the growth of pre-established tumors; we wanted to see 
if the observed clinical response correlated with elicitation of an enhanced immune response. For the 
purpose, splenocytes were isolated from mice of each of the treatment groups and re-stimulated with 
tumor lysate pulsed, TNF-α matured DCs for 48 hours. The supernatants were then collected and 
assayed for the production of IFN-γ by ELISA. The data (Figure 4) show that splenocytes isolated from 
mice treated with α-TOS + DC produced significantly higher levels of IFN-γ as compared to cells from 
mice treated with α-TOS alone or DC alone. This correlates with the tumor growth inhibition seen with 
the combination treatment. 

Figure 3. Effect of combined injection 
of α-TOS and DC on tumor growth in 
vivo. Balb/c mice were injected with 
5x104 tumor cells. On development of 
palpable tumors (day 14), they were 
injected i.p. with 4mg of α-TOS on days 
14, 18 and 22. The mice were injected 
s.c with 106 immature DC on days 16, 20 
and 24 and tumor growth was monitored. 
The figure represents the mean tumor 
volume± SEM of 7 mice per group 
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In the previous results we observed that α-TOS, when used in combination with non-matured dendritic 
cells (nmDC) to treat pre-established murine mammary tumors, acts as an effective adjuvant. One of the 
major limitations of using α-TOS is its insolubility in aqueous solvents. Unlike α-TOS which is soluble 
only in organic solvents like sesame oil, dimethylsulfoxide (DMSO) or ethanol (1-4), vesiculated α-TOS 
(Vα-TOS) is hydrophilic and is generated by the addition of sodium hydroxide and sonication in PBS to 
form a colloidal suspension (5). This circumvents the toxicities associated with the long-term use of 
DMSO or ethanol that are commonly used to solubilize α-TOS for parenteral administration making Vα-
TOS better suited for long-term use in humans .In the following studies, we have used vesiculated α-
TOS (Vα-TOS), in combination with dendritic cells to treat pre-established murine mammary tumors as 
well as residual metastasis following resection of the primary tumor. 
 
5. Vα-TOS is toxic to tumor cells and induces apoptosis in vitro 
We first evaluated the cytotoxic activities of Vα-TOS on 4T1 tumor cells. For this purpose, we 
determined the viable cell number as well as the clonogenic potential of 4T1 cells after a 24 h exposure 
to different concentrations of Vα-TOS. The data show that Vα-TOS caused death of 4T1 tumor cells in a 
dose dependent manner (Figure 5A). Treatment of cells with 20 μg/ml Vα-TOS caused 67% cell death, 
which increased to 96% and 100% when treated with 40 μg/ml and 80 μg/ml of the drug respectively. 
The IC50 value of Vα-TOS was 18 μg/ml. In addition, tumor cells that survived the 24 h Vα-TOS 
treatment were significantly impaired in their ability to proliferate and form colonies in a dose-dependent 
manner (Figure 5B).   
Vα-TOS-induced 4T1 tumor cell death was at least partially due to apoptosis as determined by Annexin 
V staining (Figure 5C). Phosphatidyl serine translocation to the cell surface (Annexin V positive) 
signifying early apoptosis was observed after a 4 h exposure to Vα-TOS and progressively increased 
with time leading to loss of membrane integrity signifying secondary necrosis (Annexin V and PI 
positive) by 18 h. 
 

Figure 4. Effect of combined 
injection of α-TOS and DC on IFN-γ 
production in vivo. Spleens were 
isolated from 3 mice in each treatment 
group and pooled. The cells were then 
re-stimulated with tumor lysate-pulsed, 
TNF-α matured DC for 48 hours. The 
supernatants were assayed for the 
production of IFN-γ by ELISA. The data 
represent mean ± SEM of triplicate 
samples. 
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Figure 5. Effect of Vα-TOS treatment on 4T1 
tumor cells in vitro and in vivo. 4T1 cells 
were allowed to adhere overnight in 6-well 
tissue culture plates. The cells were then 
treated with none (PBS), 5 μg/ml, 10 μg/ml, 20 
μg/ml, 40 μg/ml, or 80 μg/ml of Vα-TOS (in 
PBS). After a 24 h exposure, non-adherent and 
adherent cells were collected and cell number 
and viability were determined by trypan blue 
dye exclusion. The data (A) are representative 
of 2 independent experiments and the values 
denote means ± SD of triplicate samples. In 
order to determine the clonogenic potential (B) 
102, 103, 104, and 105 viable cells recovered 
after treatment with none (PBS), 20 μg/ml, 40 
μg/ml, or 60 μg/ml of Vα-TOS for 24 h were 
plated in 100 mm tissue culture dishes and 
incubated for 10 days in culture medium. The 
resulting colonies were fixed and Giemsa 
stained. Colonies containing >50 cells were 
counted and the surviving cell fraction was 
determined. For the apoptosis assay (C) cells 
were treated with either 40 μg/ml Vα-TOS or 
PBS. At each time point, non-adherent and 
adherent cells were collected and stained using 
Annexin V and PI. Numbers represent the 
percentages of early apoptotic cells (lower right 
quadrant) and secondary necrotic cells (upper 
right quadrant) respectively. The data shown 
are representative of 3 independent 
experiments. 
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6. Vα-TOS induces apoptosis in tumors in vivo 

In order to determine whether Vα-TOS induces apoptosis in tumors in vivo, we analyzed tumor 
sections by TUNEL assay. Mice with established tumors (~25mm3) were injected with Vα-TOS or PBS 
(control) as indicated. Twenty-four hours after every two Vα-TOS injections, tumors were resected, 
frozen, sectioned and evaluated for apoptosis by TUNEL assay. Vα-TOS caused significant apoptosis in 
tumors as compared to tumors treated with PBS (Figure 6). Maximum apoptosis was observed after 6 
Vα-TOS injections. 
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Figure 6. Effect of Vα-TOS on induction of apoptosis in tumors in vivo. Mice with pre-established tumors were injected 
with Vα-TOS on days 15, 17, 19, 21, 23 and 25.  Twenty-four hours after every two Vα-TOS injections (days 18, 22 and 26), 
tumors were resected, frozen, sectioned and stained with the TUNEL /reaction mixture. The bright white regions (depicted by 
arrows) represent TUNEL positive regions and the gray regions represent TUNEL negative regions (Magnification = 400X). 
 
7. Vα-TOS potentiates the anti-tumor activity of DC vaccines on the growth of established 4T1 
tumors 

In an earlier study we showed that α-TOS as well as Vα-TOS enhances the anti-tumor effect of 
adoptively transferred non-matured DC in treating pre-established 3LL tumors (4, 6). In this study, we 
compared the effectiveness of non-matured, unpulsed DC and TNF-α matured DC in combination with 
Vα-TOS in controlling pre-established 4T1 tumors. The data (Figure 7A) demonstrate that when used in 
combination with Vα-TOS, nmDCs are as effective as mDC in inhibiting 4T1 tumor growth compared to 
the controls (PBS, p<0.001; PBS+nmDC, p<0.001; PBS+mDC, p<0.001; Vα-TOS, p<0.05). The mean 
tumor volumes on day 31 post-tumor cell injection in mice receiving Vα-TOS plus either nmDC or mDC 
were 66.7±51.2 mm3 and 44.1±30.2 mm3 respectively. In contrast, the mean tumor volume in mice 
receiving Vα-TOS alone was 379.4±135.3 mm3 and the mean tumor volumes of the control groups 
(PBS, PBS+nmDC, PBS+mDC) ranged from 709±251 to 1004±348 mm3. This is also reflected in the 
observation that Vα-TOS plus DC therapy significantly prolonged survival compared to PBS alone 
(p<0.05), DC (PBS+nmDC, p<0.05; PBS+mDC, p<0.05) or Vα-TOS alone (p<0.05) treated mice (Figure 
7B). All control animals died because of large tumor burden (~1200 mm3) by day 35. Mice injected with 
Vα-TOS alone died because of large tumor burden or were sacrificed when tumor volumes reached 
~1200 mm3 by day 47. Five of the seven mice in the Vα-TOS + mDC group and six of the seven mice in 
the Vα-TOS + nmDC group were alive until day 60 when they were sacrificed as tumor volumes had 
reached 1200 mm3.  

However, two mice in the Vα-TOS + mDC group and one mouse in the Vα-TOS + nmDC group 
showed complete tumor regression by day 36. To ascertain the existence of long-term tumor immunity, 
these mice were challenged with ten times the original dose (5x105) of 4T1 cells. These mice did not 
develop 4T1 tumors (data not shown). In contrast, when challenged with the unrelated murine leukemia 
cell line 12B1 on the contralateral side, the tumors grew unhindered demonstrating specificity of the 
tumor immunity developed in these mice. 
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Figure 7.  Effect of Vα-TOS plus DC immunotherapy on pre-established 4T1 tumors. Mice were injected orthotopically in 
the mammary pad with 5x104 4T1 tumor cells. On development of established tumors (day 15) mice were injected i.p. with 4 
mg of Vα-TOS on alternate days for a total of 9 injections. The mice were also injected in the contralateral mammary pad with 
either 106 non-matured DC (nmDC), or TNF-α matured DC (mDC) on days 18, 22 and 26.  The data represent (A) mean 
tumor volumes ± SD and (B) % survival of seven individual mice per group. All control animals died because of large tumor 
burden (~1200 mm3) by day 35 and mice injected with Vα-TOS died naturally or were sacrificed when tumor volumes reached 
~1200 mm3 by day 47. In contrast, six mice in the Vα-TOS + nmDC group and five mice in the Vα-TOS + mDC groups were 
alive until day 60 when they were terminated as tumor volumes reached ~1200 mm3. Two mice in the Vα-TOS + mDC group 
and one mouse in the Vα-TOS + nmDC group showed complete tumor regression. These mice did not develop tumors when 
they were re-challenged with a ten fold higher dose (5x105) of 4T1 tumor cells (data not shown). 
 
8. Combination treatment with Vα-TOS plus DC elicits increased IFN-γ and IL-4 production by 
draining lymph node cells and splenic lymphocytes 

In order to determine whether the anti-tumor effect of Vα-TOS plus DC vaccination was 
associated with an enhanced immune response, cells were isolated from draining lymph nodes (DLN) as 
well as spleens of mice of the various treatment groups and evaluated for IFN-γ and IL-4 production by 
ELISA. Figure 8A shows that DLN cells isolated from mice treated with Vα-TOS + nmDC or mDC 
produced significantly higher amounts of IFN-γ (6510.5±35.7 pg/ml and 5360.4±384.5 pg/ml 
respectively) compared to cells isolated from mice treated with PBS (10±0.96 pg/ml, p<0.001), 
PBS+nmDC (172.8±9.9 pg/ml, p<0.001), PBS+mDC (180.9±30.2 pg/ml, p<0.001) or Vα-TOS 
(2067±11.7 pg/ml, p<0.001). 

Similarly, IFN-γ production by splenocytes isolated from mice treated with Vα-TOS plus nmDC or 
mDC was significantly higher (2801.7±151.6 pg/ml and 2749.8±146.7 pg/ml respectively) than that of 
splenocytes from control mice (13.5±0.8 - 25.2±2.8 pg/ml, p<0.001) (Figure 8B) or mice injected with 
Vα-TOS alone (437.1±55 pg/ml, p<0.05). The same pattern was observed for IL-4 production by DLN 
and spleen cells. DLN cells from mice injected with the combination treatment (Vα-TOS+nmDC or mDC) 
produced significantly higher amounts of IL-4 (508.6±50.2 and 437.1±55 pg/ml respectively) than DLN 
cells from mice treated with Vα-TOS alone (p<0.001) or from control mice (PBS, p<0.001; PBS+nmDC, 
p<0.001; PBS+mDC, p<0.001) (Figure 8A). Similarly splenocytes isolated from mice injected with the 
combination treatment produced 274±67.8 pg/ml (Vα-TOS + nmDC) and 303.7±51.2 pg/ml (Vα-
TOS+mDC) of IL-4 (Figure 8B) which was significantly higher (p<0.001) than IL-4 production by 
splenocytes from Vα-TOS treated or control mice.   
The data show that Vα-TOS treatment alone resulted in an improved immune response. More 
importantly, the combination of Vα-TOS plus DC vaccination even further increased both the IFN-γ and 
IL-4 production by DLN cells and splenocytes, although the maturation status of the DCs used had no 
influence on cytokine secretion. Additionally, the high ratio of IFN-γ to IL-4 production in mice receiving 
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9. The combination of Vα-TOS plus non-matured DC effectively suppresses residual metastatic 
disease 

In the clinical setting, it is often possible to surgically remove the primary tumor, which may 
prolong the survival of the patient but often fails to completely eradicate the disease. Since the primary 
cause of cancer recurrence and mortality is residual metastatic disease, we wanted to study the efficacy 
of the combination of Vα-TOS plus DC in treating residual metastatic disease after primary tumor 
resection. For this purpose, mice were injected orthotopically with 5x104 4T1 cells into the mammary fat 
pad.  Twenty-one days post-tumor implantation, when the tumor had metastasized to the lungs (7), the 
primary tumors (~150 mm3) were surgically removed. The mice were then treated with Vα-TOS+nmDC 
and evaluated for metastatic disease by enumerating the number of visible pulmonary nodules. The data 
(Figure 9) show that Vα-TOS treatment alone was able to significantly reduce the number of lung 
metastases compared to the controls (PBS, p<0.01; PBS+nmDC, p<0.05).  However, more importantly, 
the combination therapy of Vα-TOS+nmDC was able to inhibit the development of lung metastasis even 
further, reducing the number of pulmonary surface nodules by 94% compared to PBS treatment alone.  
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10. Combination treatment with Vα-TOS plus DC elicits increased IFN-γ and IL-4 production by 
splenic lymphocytes in the residual disease setting 

Since the suppression of pre-established 4T1 tumors with Vα-TOS plus DC treatment was 
correlated with an enhanced immune response, we wanted to determine if this is also true in the residual 
disease setting. Therefore, splenocytes were isolated from mice of the various treatment groups and 
evaluated for IFN-γ and IL-4 production by ELISA (Figure 10). Similar to the IFN-γ production by 
splenocytes in the pre-established tumor setting, the combination treatment with Vα-TOS + nmDC 
caused significantly higher production of both IFN-γ (1963.5±106 pg/ml) and IL-4 (202.7±85 pg/ml) as 
compared to the controls (IFN-γ p<0.01; IL-4 p<0.001). Also the TH1 to TH2 ratio was higher in 
splenocytes from mice treated with Vα-TOS + nmDC as compared to the controls. 
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Figure 9. Effect Vα-TOS plus 
nmDC combination treatment on 
lung metastasis in the residual 
disease setting. Mice were injected 
orthotopically in the mammary fat pad 
with 5x104 4T1 tumor cells. Primary 
tumors were surgically resected on 
day 21. Starting on day 22, mice 
were injected i.p. with 4 mg of Vα-
TOS on alternate days for a total of 5 
injections. The mice were also 
injected s.c. with 106 nmDC on days 
25 and 29. All the mice were 
sacrificed on day 31 and the lungs 
evaluated for visible metastatic 
nodules by staining with India Ink and 
Fekete’s solution. 

Figure 10. Effect of treatment with Vα-
TOS plus DC on IFN-γ and IL-4 secretion 
by splenic lymphocytes in the residual 
disease model. Spleens were isolated on 
day 31 post-tumor injection from mice in 
each treatment group and pooled (5 mice 
per group). Splenic lymphocytes were 
separated by layering over a Ficol-Hypaque 
gradient. The cells were incubated in 24-
well tissue culture plates for 48 hours. The 
supernatants were collected and evaluated 
by ELISA for the production of IFN-γ and IL-
4. Data are mean ± SD of triplicate 
samples.   



  
 
 

11. Vα-TOS-treated tumor cells induce maturation of DCs in vitro 
Our finding that the maturation status of the DCs had no influence on the tumor growth inhibition 

or cytokine production when combined with Vα-TOS, led us to hypothesize that Vα-TOS-treated tumor 
cells caused DC maturation. To examine this possibility, we incubated nmDC with Vα-TOS-derived 
tumor supernatant collected by high-speed centrifugation of supernatant fluid from tumor cells that were 
treated with Vα-TOS for 24 h.  Following incubation with this fraction consisting of non-adherent cells, 
cellular debris and substances secreted by the tumor cells, DCs were assessed for the expression of the 
DC maturation markers CD40, CD80 and CD86. The data (Figure 11A) show that co-incubation of Vα-
TOS-derived tumor supernatant with nmDC caused an increase in co-stimulatory molecule expression 
on DC. This increase in expression was comparable to that observed in DC matured with TNF-α (data 
not shown). In contrast, direct incubation of nmDC with Vα-TOS or nmDC with freeze-thawed tumor 
lysate for the same length of time did not cause an increase in the expression of these markers above 
background (nmDC alone or nmDC incubated with supernatant from PBS-treated tumor cells). 

To provide additional evidence that the factors produced by Vα-TOS-treatment of tumor cells 
caused DC maturation, we evaluated IL-12p70 secretion by DCs incubated with the high speed-spin 
fraction derived from supernatant of Vα-TOS-treated tumor cells. The data (Figure 11B) show that IL-
12p70 secretion by DCs was significantly increased (p< 0.001) only when co-incubated with the Vα-
TOS-derived tumor supernatant. 
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12. DC maturation induced by Vα-TOS-treated tumor cells is mediated by heat shock proteins 

It is well documented that heat shock proteins (hsps) are up regulated during apoptotic or necrotic 
cell death (8-11) and provide danger signals that may lead to activation and maturation of DCs (8-10, 
12-16). Therefore, we postulated that the DC maturation by Vα-TOS-induced cellular factors that we 
have observed may be mediated at least in part, by hsps. First we needed to determine whether Vα-
TOS treatment up regulated hsp expression on tumor cells. For this purpose, 4T1 cells were exposed to 
40 μg/ml Vα-TOS for 12 h and then stained with monoclonal antibodies specific for hsp60, 70 and 90 
and analyzed by flow cytometry. The data (Figure 12A) show that the membrane expression of these 
heat shock proteins on 4T1 tumor cells was up regulated following Vα-TOS treatment but not after 
vehicle (PBS) treatment. The differential induction of hsps on tumor cells following Vα-TOS treatment 
was confirmed by Western blot analysis of the high speed-spin fraction derived from supernatant of Vα-
TOS-treated cells (Figure 12B). This supernatant contained non-adherent cells, cellular debris and 
substances secreted by the tumor cells. 
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Figure 11. Effect of Vα-TOS treated tumor cells on DC 
maturation. 4T1 cells were allowed to adhere overnight 
T-75 flasks at 2.5x106 cells per flask and then treated with 
40 μg/ml Vα-TOS or PBS for 24 h. The supernatant was 
collected and centrifuged at 22,600 x g for 45 min to 
collect non-adherent cells and membrane debris. The 
pellet obtained was re-suspended in media and incubated 
with nmDC for 24 h. (A) DCs were collected and double-
stained with PE-conjugated CD11c antibody and FITC-
conjugated antibodies against CD40, CD80 and CD86 
and analyzed by flow cytometry. Cells were gated on light 
scatter and CD11c+ cells. (B) DCs were also re-
stimulated with TNF-α for 24 h in 48-well tissue culture 
plates after which the supernatant was collected and 
evaluated for IL-12p70 production by ELISA. DC 
represents untreated DC, DC+PBSS represents DC 
incubated with high-speed spin fraction from PBS-treated 
4T1 cells; DC+Vα-TOSS represents DC incubated with 
high-speed spin fraction from Vα-TOS-treated 4T1 cells; 
DC+Vα-TOS represents DC treated with 40 μg/ml Vα-
TOS; DC+lysate represents DC incubated with freeze-
thaw lysate of 4T1 tumor cells. The data are 
representative of 3 independent experiments. 



  
 
 

After we had shown that hsps are indeed up regulated on tumor cells in response to Vα-TOS 
treatment and are present in the high-speed spin fraction of Vα-TOS-treated tumor cells, we wanted to 
determine the involvement of hsps in the maturation of DC. For this purpose we blocked the cognate 
hsp receptor CD91 (17) on nmDC by pre-treatment with α2-macroglobulin (α2M). Subsequently, the DCs 
were co-incubated with the high speed-spin fraction of Vα-TOS-treated tumor cells as described above. 
The data (Figure 13A) show that pre-treatment with α2M partially inhibited the expression of the 
maturation markers CD40, CD80 and CD86 on DCs. In contrast, the incubation of nmDC with α2M alone 
did not cause any change in the expression of maturation markers. This also correlated with IL-12p70 
production by the DCs. Pre-treatment of DCs with α2M followed by incubation with the cellular fraction 
derived from Vα-TOS treated tumor cells significantly inhibited (p<0.001) IL-12p70 secretion by DCs as 
compared to DC treated directly with Vα-TOS-derived tumor cells (Figure 13B). 
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Figure 12. Heat shock protein expression in tumor cells after 
treatment with Vα-TOS. 4T1 cells were allowed to adhere 
overnight in 6-well tissue culture plates at 2x105 cells per well and 
then treated with either 40 μg/ml Vα-TOS or PBS (vehicle). After 12 
h, non-adherent and adherent cells were collected, washed twice 
with PBS and stained with antibodies against hsp60, 70 or 90. Goat 
anti-mouse IgG-ALEXA-FLUOR 488 was used as the secondary 
antibody. Flow cytometric analysis (A) was performed on intact cells 
based on light scatter gates. The data are representative of two 
independent experiments. (B) 4T1 cells were treated with either 40 
μg/ml Vα-TOS or PBS for 24 h. Supernatant was then collected and 
centrifuged at 22,600 x g for 45 min. The pellet obtained was lysed, 
protein concentration measured and separated by 10% SDS-PAGE 
and transferred to PVDF membranes and stained with hsp60, 70 
and 90-specific antibodies respectively. Vα-TOSS represents lysate 
derived from high-speed spin fraction of Vα-TOS-treated 4T1 cells, 
PBSS represents lysate derived from high-speed spin fraction of 
PBS-treated 4T1 tumor cells.
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Figure 13. Effect of pre-treatment of non-matured DCs with 
α2-macroglobulin on maturation induced by Vα-TOS treated 
tumor cells. Non-matured DCs were incubated in serum-free 
media with or without 100 μg/ml α2M for one hour. 4T1 cells 
were treated with 40 μg/ml Vα-TOS or PBS for 24 h. The 
supernatant was collected and centrifuged at 22,600 x g for 45 
min. The pellet obtained was re-suspended in media and added 
to the pre-treated DC for 24 h. (A) DCs were collected and 
stained with PE-conjugated CD11c antibody and FITC-
conjugated antibodies against CD40, CD80 and CD86 and 
analyzed by flow cytometry. Cells were gated on light scatter 
and CD11c+ cells. (B) DCs were also re-stimulated with TNF-α 
for 24 h in 48-well tissue culture plates after which the 
supernatant was collected and evaluated for IL-12p70 
production by ELISA. DC represents untreated DC; DC+α2M 
represents DC pre-treated with α2M, DC+Vα-TOSS represents 
DC incubated with high-speed spin fraction from Vα-TOS-
treated 4T1 cells, DC+α2M+Vα-TOSS represents DC pre-treated 
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Non-matured DC have the ability to constantly sample their environment and pick up antigens by 
endocytosis and/or phagocytosis (18-20). In contrast, mature DC down regulate their antigen-uptake 
machinery, up regulate adhesion and co-stimulatory molecules and stabilize peptide-MHC complexes on 
their cell surface for antigen presentation (18).Having observed that Vα-TOS-derived tumor supernatant 
causes DC maturation, we wanted to study its effect on antigen uptake and presentation ability of DC, in 
order to further investigate and understand the immunomodulatory effects of alpha-tocopheryl succinate.  

 
14. DCs Matured with Vα-TOS-derived Tumor Supernatant Retain their Endocytic and Phagocytic 
Abilities 
In order to study antigen uptake, DC pre-treated with Vα-TOS-derived 4T1 tumor supernatant, PBS-
tumor supernatant, TNF-α or left untreated, were used to study the uptake of FITC-labeled dextran 
beads by endocytosis or FITC-labeled E.coli particles by phagocytosis. The data (Figure 14A) show that 
DC matured with Vα-TOS-derived 4T1 tumor supernatant, retain the ability to endocytose FITC-labeled 
dextran beads similar to non-matured DC. These DC were also equally efficient in phagocytosing FITC-
labeled E.coli particles as compared to nmDC (Figure 14B). In contrast DC matured with TNF-α had a 
significantly lesser ability to perform endocytic and phagocytic functions.  
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Figure 14. Effect of Vα-TOS-derived tumor supernatant on endocytosis and phagocytosis by DC. Supernatant from 4T1 
or 3LL or B16 tumor cells treated with Vα-TOS (40 μg/ml) was collected and centrifuged at 22,600 x g for 45 min. The pellet 
obtained (Vα-TOSS or PBSS) was re-suspended and incubated with non-matured BALB/c for 24 h. Subsequently DCs were 
collected and incubated with FITC-conjugated dextran beads for endocytosis (A) or FITC-labeled E.coli particles for 
phagocytosis (B) at 4°C and 37°C for 30 min or 60 min respectively. Cells were then washed and stained with CD11c-PE, 
fixed and analyzed by flow cytometry. Values represent difference in mean fluorescence intensity (MFI) at 37°C and 4°C of 
cells gated on CD11c. Data are representative of 2 independent experiments.  
 
15. DCs Matured with Vα-TOS-derived Tumor Supernatant have Enhanced Antigen-Presenting 
Ability 

Following antigen uptake, DC process the antigens and present them on MHC molecules to 
effector T-cells to initiate an immune response (20-22). Antigen presentation is a primary function of 
mature DC. Having observed that DC matured by Vα-TOS- derived tumor supernatant still retain the 
ability for antigen uptake by endocytosis and phagocytosis, we wanted to determine if these DC could 
function as effective antigen presenting cells. For the purpose, we performed an Allogenic-Mixed 
lymphocyte reaction (ALLO-MLR) by co-incubating BALB/c DC treated with or without Vα-TOS-derived 
tumor supernatant with allogeneic (C57BL/6) splenocytes for 4 days, with the addition of [3H]thymidine 
for the last 18 h of culture. The cells were then harvested and radioactivity measured. DC matured with 
TNF-α was used as a positive control. The data (Figure 15) show that DC matured with Vα-TOS-derived 
tumor supernatant stimulates the proliferation of allogeneic splenocytes similar to that of TNF-α matured 
DC thus demonstrating that the DC are not only phenotypically but also functionally mature. In contrast 
DC incubated with PBS derived tumor supernatant or untreated DC had a significantly (p<0.001) lesser 
ability to induce proliferation.  
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In the process of performing experiments for the study, parts of it were developed expanding on results 
obtained. Thus, there might appear to be certain deviations from the original statement of work in terms 
of understanding the mechanism of action of the combination treatment of α-TOS and DC. Also, there 
were technical difficulties in obtaining the required statistically significant number of transgenic SCID 
mice and CD4/CD8 knockout mice to perform experiments mentioned in specific Aim 2 which could 
therefore not be performed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Key research accomplishments 
 
 

Figure 15. Effect of DC matured with Vα-TOS-
derived tumor supernatant on stimulating 
Allogenic splenic lymphocytes. DC from BALB/c  
mice were incubated with Vα-TOS-derived tumor 
supernatant (Vα-TOSs) or PBS-derived tumor 
supernatant (PBSS), TNF-α  or left untreated for 24 h. 
Subsequently 1x104 irradiated DCs from each group 
were incubated in a 96-well plate with 2x105 allogenic 
splenic lymphocytes for 4 days with the addition of 
[3H]thymidine for the last 18 h of culture. The plate 
was harvested and amount of radioactivity measured. 
Data represents mean ± S.D. of triplicate samples per 
group. 



  
 
 

1. Demonstrate the ability of the vesiculated form of Vitamin E succinate or Alpha-tocopheryl 
succinate (α-TOS / Vα-TOS) to kill 4T1 tumor cells and induce apotosis in vitro and in vivo 

 
2. Demonstrate the ability of α-TOS and Vα-TOS to act as an adjuvant for dendritic cell (DC) 

vaccines and inhibit the growth of pre-established 4T1 tumors 
 

3. Demonstrate the effect of the combination therapy in inducing the production of IFN-γ and 
IL-4 by draining lymph node cells and splenic lymphocytes 

 
4. Demonstrate the ability of Vα-TOS+DC combination treatment to inhibit metastasis to the 

lungs following primary tumor resection in a residual disease setting 
 

5. Evaluate the effect of supernatant derived from Vα-TOS treated tumor cells on expression 
of co-stimulatory molecules on non-matured DCs 

 
6. Determine the effect of Vα-TOS on heat shock protein expression in tumor cells 

 
7. Demonstrate partial inhibition of co-stimulatory molecule expression on DCs on pre-

incubation with alpha-2 macroglobulin 
 

8. Evaluate the immunomodulatory effect of Vα-TOS-derived tumor supernatant by  studying 
its effect on antigen uptake and presentation by DC 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Reportable outcomes 
 

 



  
 
 

Degree obtained 
 
I successfully defended my dissertation which was based on the work outlined in this report, 
supported by the Pre-doctoral training grant from the Department of Defense on May 11th2006. 
Degree will be awarded in August 2006. 
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CONCLUSIONS 
 
 

Dendritic cells are nature’s adjuvants that trigger and control immunity (21, 22). They are thus 



  
 
 

attractive targets for therapeutic manipulation of the immune system to increase otherwise insufficient 

immune responses against tumor antigens (23). Although the use of DC vaccines in animal studies and 

human clinical trials has resulted in anti-tumor immune responses, eradication of establsihed tumor has 

been infrequently observed (24-27). DC-based immunotherapy approaches will likely benefit from coupling 

to other therapies, immune based and otherwise. Making tumor antigens available to DCs so that they can 

process and present them to elicit potent T cell responses is one such approach. 

In these studies we have used a combination of relatively non-toxic chemotherapy and DC vaccines. 

The rationale for this approach is that drug-induced apoptotic death of tumor cells will make tumor-

associated antigens available to exogenously injected DCs for processing and presentation to tumor-

specific T cells. The chemotherapeutic drug that we have used, alpha-tocopheryl succinate (α-TOS), has 

certain advantages over other conventional chemotherapeutic agents in that it selectively targets cancer 

cells and is minimally toxic to normal cells (28-35). In addition, killing of tumor cells by α-TOS eliminates 

the secretion of tumor-derived effectors that contribute to immune evasion (36, 37). These attributes make 

α-TOS an attractive candidate for use in combination with DCs.  

In these studies, we evaluated the efficacy of α-TOS and the more soluble analogue Vα-TOS 

plus DC chemo-immunotherapy to treat pre-established tumors of the highly metastatic murine 

mammary cancer cell line 4T1. Both α-TOS and Vα-TOS kill tumor cells in vitro partly mediated by 

apoptosis. We demonstrate that α-TOS and Vα-TOS in combination with non-antigen pulsed, non-

matured dendritic cells significantly inhibits the growth of established 4T1tumors in vivo and prolongs the 

survival of treated mice. The superior effect of the combination therapy was correlated with increased 

IFN-γ and IL-4 production by splenic lymphocytes and draining lymph node cells. On re-challenging the 

mice that showed complete tumor regression with a 10-fold higher dose of tumor cells, they did not 

develop any tumors indicative of the acquisition of memory immune response.  



  
 
 

Apart from its inhibitory effect on the growth of established tumors, we also demonstrated that 

Vα-TOS plus DC treatment dramatically reduces lung metastasis, when treatment is initiated after 

primary tumor resection. This finding demonstrates the promise of Vα-TOS+DC therapy as an effective 

modality for treating residual metastatic disease, which is the primary cause of mortality in humans. 

An interesting part of the study was the observation that non-antigen pulsed, non-matured DC 

were as effective as TNF-α matured, non-pulsed DC when used in combination with α-TOS or Vα-TOS. 

This finding suggested that Vα-TOS treatment may induce DC maturation. To pursue this possibility, we 

incubated immature DC with Vα-TOS-derived tumor supernatant for 24 h. Following incubation with this 

fraction that contained non-adherent cells, cellular debris and factors secreted by the tumor cells, DCs 

were assessed for the expression of co-stimulatory molecules and IL-12 secretion. The data showed 

that co-incubation of Vα-TOS-derived tumor supernatant with nmDC caused an up regulation of the 

maturation markers CD40, CD80 and CD86 on DC. Direct incubation of nmDC with Vα-TOS did not 

cause an increase in the expression of these markers. The up regulation of co-stimulatory molecules 

correlated with increased IL-12p70 production which is an important cytokine secreted by mature DCs 

that favors the development of a TH1 immune response in vivo. In addition, we showed that Vα-TOS 

induces apoptosis of tumor cells leading to secondary necrosis. Taken together, these findings 

corroborate earlier studies that demonstrated that exposure of DC to stressed apoptotic tumor cells, 

tumor lysates or supernatants of necrotic transformed cell lines leads to maturation of human and 

murine dendritic cells (8-10, 16, 38).  

The possibility that Vα-TOS treatment may induce the maturation of DC in vivo is significant, as it 

would facilitate the translation of this combination treatment approach to the clinic by obviating the need 

for additional ex-vivo manipulations of DC.  

We also observed that Vα-TOS treatment of tumor cells induces expression of heat shock 

proteins 60, 70 and 90. Heat shock proteins are one of the most abundant soluble intracellular 



  
 
 

molecules that function as molecular chaperones (39). They have essential roles in protecting cells from 

potentially lethal effects of stress and proteotoxicity (39). The presence of hsps in the extracellular 

environment acts as a “danger signal” that alerts antigen presenting cells including DC of potential 

damage or infection leading to their activation (8-10, 12, 13, 15, 38-40). Activated DCs are very effective 

antigen presenters, which migrate to secondary lymphoid organs where they initiate anti-tumor T cell 

responses (21). 

In trying to understand the role of hsps, we blocked the cognate hsp receptor CD91 (17) on DC 

with α2-macroglobulin and assessed the expression of the co-stimulatory molecules that are up 

regulated in activated mature DC. The data demonstrate that the blocking of hsp binding to the CD91 

receptor resulted in partial inhibition of expression of the maturation markers CD40, CD80 and CD86 

when DC were co-incubated with Vα-TOS-derived tumor supernatant. However, the absence of 

complete inhibition of co-stimulatory molecule expression may indicate the involvement of additional hsp 

receptors such as the scavenger receptor CD36, LOX-1 and toll-like receptor 4 (41) and/or other hsps 

including gp96 and calreticulin. Taken together, our results suggest a direct role for hsps in Vα-TOS-

mediated DC activation.  

Based on these findings we can speculate that intratumoral injection of Vα-TOS could directly kill 

tumor cells, leading to the release of hsps, which can cause maturation of tumor infiltrating immature 

DCs. These DCs could then migrate to the draining lymph node, present tumor antigens and stimulate 

an anti-tumor immune response.  

In trying to further investigate the immunomodulatory role of Vα-TOS, we observed that although 

Vα-TOS-derived tumor supernatant causes DC maturation, these DC are still efficient at both antigen 

uptake and presentation. 

In summary, the results of this study demonstrate the adjuvant effect on DC-based vaccines of a 

chemotherapeutic agent that is selectively toxic to tumor cells in controlling the growth of pre-established 



  
 
 

tumors. Since α-TOS/ Vα-TOS preferentially kills tumor cells (29), it is potentially likely to induce less 

severe adverse side effects compared to conventional apoptosis-inducing chemotherapeutic drugs (29, 42, 

43) and may therefore be clinically useful for enhancing anti-tumor immune responses. 

The dramatic anti-metastatic effect of the Vα-TOS+DC combination treatment bodes well for the use 

of this approach in controlling micrometastatic disease. This is particularly relevant in breast cancer where 

mortality is due to disease recurrence at metastatic sites. 

Taken together, our results suggest that alpha-tocopheryl succinate may employ a two-pronged 

approach to potentiate DC-mediated immunotherapy of cancer; firstly, by direct killing of tumor cells whose 

antigens can be cross-presented by DC and secondly by maturation of DC via hsp-mediated “danger 

signals”. Our finding that the combination treatment is effective in the treatment of established tumors as 

well as metastasis after primary tumor resection, demonstrates the potential usefulness of this chemo-

immunotherapeutic strategy that can be rapidly translated to the clinic. 
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